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TprnTiiffal Field ^ 

This invention relates to the field of specific 
binding assays. More particularly, the invention relates to 
novel immunoassay- and polynucleotide hybridization-type 
devices and methods which provide inherent separation of 
bound and free species and produce a quantitative electrical 
output proportional to analyte concentration. 

Warrk-crrnii nri o-f the TnVftntiOTl 

Specific binding assays, such as immunoassays and 
nucleotide hybridization assays, ideally provide a clear and 
detectable concentration-dependent signal in the presence of 
the analyte sought and do not provide a signal in the 
absence of the analyte. Generally, immunoassays are based 
on the high specificity obtainable with antibodies and the 
great diversity of antigens that may be detected. Polynuc- 
leotide hybridization assays (e.g., dot blots) make use of 
DHA and/or RNA base pairing and rely on the higb specif ic- 
ity obtainable with polynucleotide probes of sufficient 
length and the control over specificity of hybridization 
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available by choice of conditions (particularly temper- 
ature) - 

•mere are many methods for detecting antigen- 
antibody binding, most of which rely on a label attached to 
5 an antibody or to a competing antigen. Labels may provide 
signals detectable as fluorescence, radioactivity, absorb- 
ance, color. X-ray diffraction or absorption, magnetism, 
enzymatic activity, and the like. Suitable labels include 
fluoropnores, chromophores , radioactive atoms (particularly 
10 "P and electron-dense reagents, enzymes, and ligands 

having specific binding partners which are themselves 
detectable . 

The most common types of immunoassay are based 
upon competitive and immunometric (sandwich) methods, orig- 
15 inally developed using radioactive labels detected by scin- 
tillation counting. More recently, analogous methods using 
nonisotopic labels have become more popular than radio- 
immunoassay (RIA) for reasons of safety, convenience, and 
reagent shelf -life. Currently most prevalent, enzyme 
20 immunoassay (EIA) relies upon attachment of an enzyme which 
catalyzes a signal -generating (usually colorimetric) reac- 
tion to an antibody or competing antigen. While EIA results 
may be interpreted qualitatively by visual inspection, 
quantitative results are generally obtained by spectro- 
25 photometric methods. Nucleotide hybridization assays can 
also be developed using either isotopic or nonisotopic 
labels. Radioactive labels, particularly "P, are presently 
most common, but chemiluminescent and enzymatic labels for 
nucleic acid probes are gaining widespread attention. 
30 specific binding assays are generally categorized 

as either heterogeneous or homogeneous, depending on whether 
the bound species and free species must be separated fol- 
lowing the binding reaction. In a homogeneous assay, the 
binding reaction alters the activity of the label, allowing 



WO 91/16630 



PCT/US91/02484 



- 3 - 



10 



15 



20 



25 



30 



its distinction from non-bound label without the need for 
physical separation. In a heterogeneous assay, bxndxng does 
not alter the label activity, thus requiring separation of 
bound from non-bound species prior to quantifying the 
nal. conventional heterogeneous immunoassays generally rely 
upon solid phase separation techniques. One binding partner 
(antibody or antigen) is typically immobilized at a support 
surface (such as a microtiter dish well) in order to allow 
separation. Addition of a solution containing Via otter 
suitably labeled specific binding partner results xn bxndxng 
at the support surface. The reaction mixture is then decan- 
ted, and the solid phase is washed thoroughly to remove any 
non-bound species. Binding is then detected, usually by 
adding a solution whose composition is optimized to 
signal-emitting activity of bound label. Xn EIA, a solution 
is added containing a substrate for the enzyme and an.xndi- 
cator, which is generally a chemical which changes <=olor 
after the enzyme-catalyzed reaction. One commonly used EIA 
configuration is the enzyme-linked immunosorbent assay 
(ELXSA) , a sandwich-type assay in which antigen-dependent 
binding of a solution-phase "primary- antibody is detected 
through use of a labeled -secondary- antibody. A large num- 
ber of ELISA assays can be performed simultaneously usxng 
antibody-coated 96-well microtiter plates. Wells contaxnxng 
antigen will bind the primary and second antibody, thus 
allowing the labeling enzyme to catalyze the signal-gener- 
ating reaction: in the most common EXISAs, positive wells 
develop color, the intensity depending on antigen concen ~ 
tration, and hue depending on the choice of enzyme and indi- 
cator. Negative wells contain less antigen than the detec- 
tion limit of the assay and fail to catalyze the reactxon, 
thus remaining clear. A more accurate reading may be 
obtained by using a spectrophotometer to determine the op x- 
cal absorbance at the appropriate wavelength. Heterogen- 
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eons assays are in general simple to perform, but: accuracy 
and precision are contingent: upon separation efficiency, 
which may be both operator- and sample-dependent. Varia- 
tions in non-specific binding and in dissociation of bound 
5 label during washing are common sources of error in hetero- 
geneous assays. Heterogeneous assays employing micropar- 
ticulate solid phases are also subject to variable solid 
phase recovery with separation and washing. 

Homogeneous assays do not require separation or 
10 washing steps - because the binding reaction directly affects 
the label activity. In the EMIT assay, antibodies or anti- 
gens cure labeled with an enzyme which is linked in such a 
manner that antigen-antibody binding blocks or masks the 
enzyme active site, thus preventing catalysis of the signal- 
15 generating reaction. Absent the need for separation, homo- 
geneous assays can be performed in solution. The solution- 
phase reaction is generally more rapid than the reaction in 
heterogeneous assays, which tend to be diffusion-limited. 
Further, by obviating the need for washing steps, homogen- 
20 eous assays avoid the introduction of imprecision inherent 
in heterogeneous assays. However, homogeneous assays can be 
exceedingly difficult and expensive to develop. This is 
because one cannot predict a priori whether a given labeling 
technique will result in a conjugate whose signal-generating 
25 activity will be influenced by the antibody binding reac- 
tion. Different labeling methods must therefore be co- 
evaluated with different antibodies to select reagents amen- 
able to homogeneous formats, and there is no guarantee that 
a suitable reagent combination will be identified. Homo- 
30 geneous methods are also limited with respect to the type of 
label employed and the scope of analytes which can be effec- 
tively measured. Isotopic labels, for example, are not 
suitable for homogeneous assays, because radioactive decay 
is not influenced by chemical oir physical parameters. Due 
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to the stearic constraints of the label-species interaction, 
the analyte must typically be a snail molecule < e '9-' 
tnyroxin, theophylline, digoxin, codeine, etc.). Addi ^° n " 
ally, since these reactions are characterized by the absence 
5 of a separation step, the signal-generating reaction is sub- 
ject to interferences from substances present in the sam- 
ple, such as endogenous enzymes, enzyme inhibitors , sub- 
strates or cof actors, fluorescence quenchers, and the like. 

Janata et al, U.S. Pat. No. 3,966,580 disclosed an 
10 electrode coated with a hydrophobic membrane, having anti- 
bodies (or antigen) immobilized on the surface. Antigen 
binding is detected by the resulting change in potential. 
This device lacks the enzymatic amplification associated 
with ELISA assays, and thus exhibits a relatively low sen- 

IS sitivity. , . _ 

Boguslaski et al, U.S. Pat. No. 4,230,797, dis 

closed a heterogeneous immunoassay system using 

label known antigens in a competitive assay. To detect an 

unknown concentration of ligand, Boguslaski used a known 

20 quantity of ligand coupled to a coenzyme (e.g., NADP, coen 
zyme A, FAD , etc. ) , an immobilized specific binding Partner 
fZ the ligand (e.g., an anti-ligand antibody) and an enzyme 
which is assisted by the coenzyme (e.g., glucose-6-phosphate 
dehydrogenase, D-aainoacid oxidase, etc.). After exten ^ ive 

25 washing to effect separation, the reaction is detected by 
the typical colorimetric , f luorometric , etc., techniques, 
the preferred method being chemiluminescent. one or more of 
the components may be provided on a carrier, which is pref- 
erably an insoluble, porous, absorbent matrix. 

Hornby et al, U.S. Pat. No. 4,238,565, disclosed a 
method for determining the concentration of a ligand in 
solution, using ligand (or an analog) labeled with an enzyme 
prosthetic group (for example FAD), a ligand-binding mol- 
ecule (e.g., an antibody) and an apoenzyme. The preferred 
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system used FAD as the labeling prosthetic group and apo- 
glucose oxidase as the apoenzyme. In this case, the assay 
relied on the fact that an apoenzyme exhibits no activity 
until reconstituted with its prosthetic group. Homogeneous 
S immunoassay methods were disclosed wherein reconstitution of 
the apoenzyme by prosthetic group-labeled ligand is inhib- 
ited by anti-ligand antibody. Heterogeneous methods were 
described wherein antibody binding did not influence the 
ability of the labeled ligand to reconstitute apoenzyme 
10 activity, such that physical separation of bound and free 
species was required. The signal in each case is provided 
by colorimetrlc methods. 

Rupchoclc et al, U.S. Pat. No. 4,447,526, dis- 
closed a homogeneous immunoassay system using apoglucose 
15 oxidase, a FAD-labeled ligand, and a ligand-binding partner 
..whose binding to the labeled species inhibits apoglucose 
oxidase activation. In this case, the reagents are absorbed 
on a filter paper or other matrix, which may include sev- 
eral components. Detection was colorimetric. 
20 Greenquist et al, U.S. Pat. No. 4,447,529, dis- 

closed a homogeneous immunoassay system using PAD bound to a 
ligand, a ligand-binding partner and apoglucose oxidase. As 
in Rupchoclc, the reagents were absorbed on a filter paper or 
• other matrix, and binding inhibited the ability of FAD— 
25 ligand to activate apoglucose oxidase. The patent presented 
examples of f luorometric and colorimetric determination of 
theophylline using FAD-apoGO. 

McConnell, U.S. Pat. No. 4,490,216, disclosed a 
device comprising a conductive surface coated with a hydro- 
30 phobic bilayer, where the outer layer carries hydrophilic 
groups and binding molecules (e.g., antibodies). Ligands 
binding to the device are detected by the change in capaci- 
tance. An alternative embodiment is also suggested in which 
the ligands are labeled with apoenzymes. Antibodies are 
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used which interfere with apoenzyme ^constitution when 
bound to the labeled ligand. ^, , , 

Bowers et al, U.S. Pat. No. 4,704,193, disc ^ 
electrodes having bound cofactors (such as FAD), in order to 
electrically modulate enzyme-catalyzed reactions. In tbis 
case, the active form of the flavin group is regenerated 
electrically, rather than by redox carriers. 

Forrest et al, EPO 142,301 disclosed an immuno- 
assay employing "redox centers" as labels. °^*™*° X ' 
labeled antigen or antibody perturbs the electrochemacal 

reaction, providing an amperometric signal. „ lsclosea 
Durfor et al, U.S. Pat. No. 4,797,181, disclosed 
an electrode having a cof actor (such as FAD) immobilized^ 
its surface, providing for direct electron 

reconstitute with an apoenzyme. The patent mentxoned^that 
the electrode could be developed into bioelectronic detec 
tors but failed to suggest methods or details of construc- 
ts disadvantage of most current immunoassays is 
that they require multiple reagent additions and/or handling 
steps. Reagents often require precision pipetting «^ 
attention to order of addition, timing and degree of mixing. 
When supplied in liquid form or reconstituted from lyophi- 
• ^d form, reagents may lose activity with time, requiring 
i frequent recalibration and quality control measures. Most 
labels presently in use have a limited dynamic range, such 
that patient samples yielding discordant results ****** 
diluted and retested. Further, most immunoassays (partic- 
ularly homogeneous assays) are sensitive to interference 
, when testing complex solutions such as whole non ^ xtl ^ 
bodily fluids. Nearly all specific binding assays require 
some form of sample pretreatment, ranging from sxmple dilu- 
tion to sophisticated chemical extraction. Additionally, 
all heterogeneous assays require a separation step, and 
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immunometric methods require repeated washing to remove 
excess labeled antibody. The separation step introduces a 
source of error, as non-bound label may not be quantitat- 
ively removed and bound label may be accidentally lost dur- 
ing tne wash. 

The net effect of these drawbacks is that the 
results obtainable with any given assay may be dependent on 
the skill and patience of the operator. The operator must 
pay close attention to dilution volumes, reaction times, 
temperature, and washing, protocols in order to obtaxn 
reliable, reproducible results. This in turn limits the 
market for such assays to dedicated operators and labora- 
tories, for example commercial testing services, hospitals 
and medical clinic labs. 



15 



20 



niseiosnre of the invention 

We have now invented a new specific binding assay, 
which is capable of analyzing complex fluids such as whole 
blood without operator pretreatment , which is not sample 
volume or interference sensitive, and which provides a quan- 
titative electrical signal, thus obviating reliance on 
chromogenic reagents, spectrophotometers and the like. The 
assay requires only an approximate volume of an untreated 
sample and provides a quantitative reading without further 
25 manipulation by the operator. The assay of the invention 
combines the versatility of heterogeneous assay with the 
speed, accuracy and convenience of homogeneous assay. 

The assay device of the invention has a surface 
comprising a working electrode, and a reference electrode. 
30 immobilized at the working electrode is one member of a 

reversibly inactivated enzyme/reactivating agent set, where 
the enzyme (when activated) is capable of catalyzing a cur- 
rent-generating reaction. The reactivating agent spontan- 
eously reconstitutes the enzyme on contact, and restores 
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activity. covering this first set member and the working 
electrode is a swellable matrix, which separates the two set 
m embers and prevents their ^constitution in the absence of 
a liquid sample. Within or above the matrix is a first 
5 binding partner which is specific for the analyte, and a 
second binding partner which competes with the analyte for 
binding to the first binding partner, where either the first 
or the second specific binding partner is labeled w ^^ e 
other member of the reversibly inactivated enzyme/reactivat- 
10 ing agent set. Alternatively, the second- binding P«*»~ 
may bind to the analyte, as in a sandwich-type assay. The 
matrix swells on contact with the analyte sample, drawing a 
predetermined volume of the sample in rapidly. Optionally, 
the matrix may effect an initial filtration of the sam P le ' 
15 for example by excluding whole cells, fibrous P™^ inS - 
the like, upon hydration by the sample, the analyte and 
second binding partner compete for binding * Qe Tnot 
binding partner. The labeled binding partner which does not 
bind to the other binding partner is able to diffuse to the 
20 working electrode, where the label and reversibly inactiva- 
ted enzyme reconstitute the enzyme activity and thus produce 
a quantifiable electrical signal. 

Another aspect of the invention is a multiple 
analyte detection device, which comprises a plurality of 
25 detection modules, each modules consisting of an assay 

device as described above. The individual modules may dif 
fer from each other by having different specif ici ties 
their specific binding partners, by having binding P^"^ 
specific for the same analyte but having different binding 
30 affinities, by having affinities for different epitopes of 
the same analyte, by employing different mediators or enzyme 
systems, and the like. The device may further ^ ude 
pie receiving means, for distributing portions of the liquid 
sample to each of the detection' modules. 
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Another aspect of the invention is a method for 
assaying a liquid sample for an analyte, which method com- 
prises applying a liquid sample to one of the above-des- 
cribed devices. 

5 

Ri-i^-F nearr^rvMnn rrf thft Drawings 

Figure 1 illustrates a representative device of 
the invention, having surface 1, working electrode 2, ref- 
erence electrode 3, reversibly inactivated enzyme 4 immob- 
10 ilized at -working electrode 3 , matrix 6 containing immobil- 
ized binding partner A (5), labeled binding partner B (7) 
labeled with reactivating agent L (8), and signal detecting 
means 9. 

Figure 2 graphically depicts current dependence on 
15 glucose oxidase concentration (MA/min vs. M) , as described 
in Example 1, using a carbon disk electrode at 600 mV vs. 
Agci in 6 iL of solution containing 5 mM benzoquinone , 5 mM 
glucose , 5 mM NaN-j . 

Figure 3 depicts increase in current with FAD con- 
20 centration (jiA vs. M) , as described in Example 2A r using a 
sputtered Pt electrode vs. sputtered Ag at 450 mV (vs. AgCl) 
in a 13 mL solution of 50 Mg/mL apoGO, 50 mM benzoquinone, 
50 mM glucose, and 50 mM NaN 3 . 

Figure 4 shows the percent increase in current 
25 with FAD concentration using apoGO immobilized on a sput- 
tered Pt electrode in a polyacrylamide gel, in 8 mL of 15 mM 
benzoquinone, 37.5 mM glucose at 600 mV vs. AgCl, as des- 
cribed in Example 2B. 

Figure 5 shows the percent increase in oxidation 
30 current and percent decrease in reduction current with 
increasing FAD concentration as described in Example 3A, 
using a carbon disk electrode at 500 mV vs. AgCl wire (270 
mV vs. AgCl for reduction current measurements) in 6 mL of 
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33 f*g/mL apoGO, 500 mM benzoquinone , 5 mM glucose, 5 mM 
NaN 3 , determined by cyclic voltammetry. 

Figure 6 is a plan view of a device of the inven- 
tion for assaying multiple analytes. The device comprises 
5 two or more detection modules 13, 13', each having surface 1 
and 1', working electrode 2 and 2' depicted here as a disk, 
reference electrode 3 and 3' depicted here as a straight 
wire, reversibly inactivated enzyme 4 and 4' immobilized at 
working electrode 3 and 3', matrix 6 and 6' containing 
10 immobilized binding partner A (5 and 5*), labeled binding 
partner B (7 and 7') labeled with reactivating agent L (8 
and 8'), and signal detecting means 9 and 9'. The device 
optionally further comprises signal comparing and displaying 
means XO, for comparing the output from two or more modules 
15 and conveying the results to the operator. The device may 
also include a second swellable matrix 11 which may be com- 
mon to two or more modules, or may be divided into portions 
corresponding to individual modules. The second matrix 11 
may additionally be provided with depression 12 for receiv- 
ing samples: matrix 11 together with depression 12 form a 
sample receiving means. 

Figure 7 is a top view of another embodiment of 
the multiple assay device of the invention. This device has 
sample receiving means comprising a well 21 positioned cen- 
trally on the top surface of the device, and connected to 
each of the individual modules 13 by channels 22 recessed 
into the surface of the device. When a drop of sample is 
placed in well 21, capillary action draws the sample into 
channels 22 and distributes the sample to each of the 
30 modules 13. 
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Modes of narrvina Out The Invention 

A. nefinifcions 

The term "enzyme" as used herein refers to an 
5 enzyme which is capable of catalyzing a reaction which pro- 
vides an electrical signal. Suitable enzymes within the 
scope of this invention include, without limitation, glucose 
oxidase, glutathione reductase, cytochrome reductase, NADPH: 
oxidoreductase, lipoamide dehydrogenase, pyridoxine phos- 
10 phate oxidase, horseradish peroxidase > cytochrome C, urease, 
alkaline phosphatase, B-galactosidase , B-lactamase, and the 
like. 

The term "reversibly inactivated" refers to a 
state in which the enzyme is incapable of catalyzing the 

15 signal-generating reaction at significant levels. Revers- 
ible inactivation may be effected by removing the prosthetic 
group or coenzyme from an enzyme which requires such, or by 
excluding the enzyme's substrate or by exposing the enzyme 
to a reversible inhibitor. Many enzymes depend on pros- 

20 thetic groups or coenzymes for their activity, thus render- 
ing the corresponding apoenzymes suitable for use as revers- 
ibly inactivated enzymes. In any event, the reversibly 
inactivated enzyme must be capable of reactivation spontan- 
eously upon contact with the label/reactivating agent used 

25 in the assay. 

The term "reactivating agent" refers to a mol- 
ecule capable of restoring enzyme activity to the reversibly 
inactivated enzyme. The reactivating agent may also be 
referred to as a "label" for the purposes of this invention. 

30 Where the reversibly inactivated enzyme is an apoenzyme, the 
reactivating agent will generally be a prostbetic group such 
as flavin adenine dinucleotide (FAD) , flavin mononucleotide 
( FMN) , heme, and the like. The reactivating agent may be an 
enzyme substrate, if desired, although it will be apparent 
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that no amplification of signal is obtained thereby, 
this case, care need also be taken that the substrate is not 
naturally present in significant concentrations in the sam- 
ple to be analyzed. The presently preferred reactivating 
5 agent is FAD , used with apoglucose oxidase. 

The term -reconstituting" as used herein refers to 
the restoration of enzymatic activity to the reversibly 
inactivated enzyme by the reactivating agent. In a prefer- 
red embodiment of the invention, -reconstitution" refers to 
10 regeneration of a holoenzyme by recombination- of an apo- 
enzyme with its appropriate prosthetic group, cof actor or 
coenzyme. However, reconstitution also includes the pro- 
vision of a substrate (for example, ATP, GTP, etc.) to an 
enzyme which is inactive in the absence of the substrate, 
15 and the provision of an -anti-inhibitor" to an enzyme which 
is reversibly inhibited. 

The term "specific binding partner" refers to a 
molecule which binds selectively and specifically. A spe- 
cific binding partner is -specific" for the molecule to 
which it binds, exhibiting a strong affinity for the binding 
partner without binding unrelated molecules. For example, 
the first specific binding partner may be an antibody spe- 
cific for the analyte to be detected. The second specific 
binding partner may be a labeled analyte molecule or an 
analog of the analyte which is capable of binding to the 
other specific binding partner. Specific binding partners 
will generally be derived from antibodies or fragments 
thereof (e.g.. Fab, F(ab') 2 , etc.) and antigens correspond- 
ing to the analyte or analogs thereof, or complementary nuc- 
leic acid strands (for example, viral DMA or UNA and a com- 
plementary DNA probe), but other binding pairs such as 
avidin and biotin, or receptor- ligand pairs are also suit- 
able. 
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TUg term "matrix" as used herein refers to a solid 
or semisolid substance which is permeable to the analyte. 
The matrix must be insoluble under conditions of the assay 
(e.g., in the presence of water, biological fluids, cellular 
5 digests, enzyme substrates and products, etc.) and is pref- 
erably hygroscopic. The matrix functions to keep the rev- 
ersibly inactivated enzyme separate from the reactivating 
agent until the time of assay and prevents diffusion of the 
non-labeled specific binding partner to the enzyme. One of 
10 the specific binding, partners is retained within or above 
the matrix, which thus effects an automatic separation. 
This retention may be effected either by binding the spe- 
cific binding partner within the matrix or to the surface 
thereof, or by selecting a matrix which is impermeable to 
15 the selected binding partner. However, the membrane must be 
permeable to the labeled species. When the second binding 
partner (analyte analog or sandwich antibody) is labeled, 
the matrix need only be permeable to the second binding 
partner. When the first specific binding partner is 
20 labeled, the labeled species will generally be a complex of 
binding partner and analyte. In such cases, the matrix must 
be permeable to the complex. Suitable matrices may be 
formed from polyacrylamide , agarose, collagen, gelatin, 
starch, cellulose, polyurethane , nylon, and the like, and 
25 may take the form of a gel layer, thin membrane, bulk solid, 
and the like. 

The term "signal-detecting means" as used herein 
refers generally to circuitry designed for discrimination 
between a signal and any background noise. The particular 
30 detection means employed will depend upon the form of the 
signal employed. For example, an amperometric device is 
used to detect generation of a current. An ohmmeter may be 
used to quantify resistance (conductivity). A voltmeter may 
be employed for potentiometric determinations. Other 
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instruments for detecting the electrochemical results of the 
enzyme-catalyzed reaction will be apparent to those of ord- 
inary skill in the art and are considered equivalents 
herein . 

The term "mediator- as used herein refers to a 
compound added to reduce overvoltage at the electrodes. A 
mediator is selected which is highly diffusible and which 
has a reduction potential lower than the enzyme reaction 
product. Exemplary mediators include, without limitation, 
ferrocene, hexacyanof errate , f erricinium salts , benzoguin- 
one, methylene blue, methyl viologen, benzyl viologen, poly- 
viologen, and the like. Suitable mediators are selected on 
the basis of suitable redox potentials, absence from typical 
compositions to be assayed, chemical stability, lack of 
photosensitivity, reproducibility of results obtained and 
ability to react with the enzyme and the electrode surface. 

The term -current-generating chemical reaction- 
refers to a reaction which liberates or consumes electrons, 
i.e., an oxidation-reduction or -redox- reaction. Any chem- 
ical reaction which produces a measurable electrical poten- 
tial (voltage) or current may be employed. Suitable cur- 
rent-generating chemical reactions are those in which the 
reactants may be cycled or regenerated by reaction at an 
electrode surface, with or without the intervention of a 
mediator. In other words, any enzyme-catalyzed redox chem- 
ical reaction will be suitable if the .reactants may be 
regenerated at an electrode surface, or if the reactants may 
be regenerated by reaction with a mediator which is itself 
regenerated at an electrode surface. An exemplary chemxcal 
reaction is the oxidation of glucose to gluconolactone by 
glucose oxidase. The glucose oxidase is changed from xts 
oxidized form to its reduced form in the process, in the 
absence of suitable mediators, glucose oxidase produces 
hydrogen peroxide in the process. However, in the presence 



WO 91/16630 



PCI7US91/02484 



- 16 - 



of benzoquinone, the glucose oxidase is regenerated to its 
oxidized form, while the benzoquinone is reduced to hydro- 
quinone. The hydroquinone diffuses rapidly to the electrode 
surface, and in the presence of a suitable voltage bias is 
5 regenerated back to benzoquinone. 
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15 Thus, reactions which are not directly accessible at the 
electrode surface may be used by employing a mediator cap- 
able of reacting with both the enzyme and the electrode, 
other suitable reactions include, without limitation: oxi- 
dation of D-aminoacids to a-Jcetoacids by D-aminoacid oxi- 
20 dase; reduction of glutathione by glutathione reductase? 
reduction of benzoquinone to hydroquinone by quinone reduc- 
tase; and the like. See for example, Boguslaski et al, 
U.S. Pat. No. 4,230,797. 

Any reference to a member "immobilized at" a sur- 
25 face indicates that the member (either a reversibly inactiv- 
ated enzyme or its reactivating agent) is positioned on or 
' near the surface and that it is constrained from diffusion 
away from the surface, immobilization includes, without 
limitation, chemically attaching the member to the surface 
30 (for example, crosslinking by radiation and/or addition of 
dialdehydes such as glutaraldehyde) , physically adsorbing 
the member on the surface, drying the member on the sur- 
face, placing the member on the surface and covering it with 
a substance impermeable to the member (for example, a poly- 
35 acrylamide gel, nylon membrane, etc.), entrapping the mem- 
ber in a matrix applied to the surface (for example, by 
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forming a polyacrylamide or agarose gel in the presence of 
the member), binding the member within a matrix (e.g., by 
crosslinlcing the member within a gel or membrane or adsorb- 
ing the member onto a membrane applied to the surface) , and 
5 the like. 

The term "sample receiving means" refers to an 
optional feature of a multiple analysis device which 
receives and distributes the sample to each of the detection 
modules (each detection module essentially constituting an 

lb otherwise independent assay device of the invention) . For 
example, a multiple analysis device of the invention may be 
provided in the form of a plate having a plurality of well- 
like assay devices. The sample receiving means may taXe the 
form of a centrally positioned well having radiating chan- 

15 nels or capillaries leading to each of the independent assay 
wells. Alternatively, the sample receiving means may com- 
prise an analyte-permeable gel overlaying the entire device, 
thus insuring that sample is provided to each of the modules 
by diffusion. 



B. r^nerral Method 

1. preparation: 

The devices of the invention are based on a com- 
bination of a separatory matrix with an electrochemical sig- 
25 nal generation and detection means, optionally further 

including a sample pretreatment matrix. The detection means 
generally comprises a working electrode and a reference 
electrode, optionally a third counterelectrode , coupled to 
circuitry for measuring the parameter of interest. The- 
detection circuitry is selected in concert with the choice 
of signal-generating enzyme, as the reaction catalyzed by 
the enzyme will determine the most suitable signal for meas- 
urement. For example, in a presently preferred embodiment, 
the enzyme employed is an oxidoreductase which catalyzes the 
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oxidation or reduction of its substrate. This reaction is 
reversed at the electrode surface, providing a current which 
may be detected by an ammeter of suitable sensitivity. In a 
presently preferred embodiment of tne invention, amperomet- 
ric detection at fixed potential is used to measure tne sig- 
nal current. 

Tne electrode used will generally be standard 
platinum, silver, gold, or carbon suitable for electrochem- 
istry . Tne electrode surface may be modified as is common 
practice in electrochemistry, for example by doping carbon 
electrodes with anionic or cationic carriers , by chloridiz- 
ing or etching metal electrodes, and the like. The elec- 
trode may take the form of a rod, disk, wire, cylinder, wire 
mesh, and the like. The precise form and composition of the 
electrode may be optimized by routine experimentation, fol- 
lowing the examples set forth below. 

The reversibly inactivated enzyme/reactivating 
agent set is selected based on a number of criteria. The 
reactivating agent may be an essential cof actor, prosthetic 
group or enzyme substrate. However, using the substrate as 
the reactivating agent does not provide amplification of the 
signal: reconstitution of the enzyme then provides only a 
1:1 correspondence between the number of analyte molecules 
and the number of signal molecules produced. Accordingly, 
it is presently preferred to employ a cof actor or prosthetic 
group as the reactivating agent. In this case, restoration 
of enzyme activity in the presence of an excess of substrate 
results in amplification of the signal: a large number of 
signal (processed substrate) molecules is produced for each 
molecule of enzyme reconstituted. The amplification factor 
depends upon the fraction of enzyme reconstituted to full 
activity and the reaction rate of the reconstituted enzyme. 
Accordingly, enzymes having high specific activity and high 
reaction rates are used for applications requiring a large 
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degree of amplif ication, providing maximal sensitivity. The 
specific activity and reaction rate constants will generally 
be known for any selected reversibly inactivated enzyme/ 
reactivating agent set or may be determined by standard bxo- 

5 chemical methods. ^ . _ . , 

Also, the reaction catalyzed by tne reconstituted 

enzyme must provide an electrochemical signal, in the form 
of a current, potential or conductance. For example, where 
the enzyme is an oxidoreductase , a product of the reaction 
10 is generated in an oxidized -(or reduced) form, which then 
diffuses to the working electrode, where the reactxon xs 
reversed and the reactant regenerated. For example, glucose 
oxidase oxidizes glucose to gluconolactone , in the process 
generating hydrogen peroxide. The peroxide may then be con- 
15 verted to water at the electrode. 

Preferably, the reaction employs a mediator, for 
example benzoguinone. When added to a solution of * lucos * 
oxidase and glucose, benzoguinone is reduced to hydroguxnone 
(replacing peroxide formation) which may be reoxxdized to 
20 benzoguinone at the working electrode. The mediator is sel- 
ected to have an oxidation (or reduction) potential lower 
than that of the oxidized (or reduced) reaction product. 
This results in a reduction of the overvoltage reguxred at 
the working electrode in order to complete the reactxon. 
25 Reducing the overvoltage is advantageous because it 

the number of interfering species potentially present xn the 
assay sample which may interfere by reacting at the elec- 
trode. 

Another consideration is that the reversxbly 
30 inactivated enzyme/reactivating agent set must be capable of 
spontaneous reconstitution upon contact under the condi- 
tions present within the device of the invention. In the 
case of an apoenzyme/prosthetic group set, the prosthetxc 
group must be able to reconstitute the holoenzyme when one 



WO 91/16630 



PCT/US91/02484 



- 20 - 

member of the set is immobilized near -the electrode surface 
and the other member of the set is conjugated to a binding 
partner. The suitability of any selected reversibly inact- 
ivated enzyme/reactivating agent set may be determined by 
5 routine experimentation , following the examples set forth 
below. 

There are a number of different assay configura- 
tions available for the practice of the invention. The 
device may be designed having a reversibly inactivated 

10 enzyme i mmo bilized at or near the electrode surface, with an 
analyte-specific binding partner bound (e.g., an antibody) 
to a solid phase (e.g., gel layer) and free analyte (or an 
analog thereof) labeled with the reactivating agent (e.g., 
an apoenzyme prosthetic group). Alternatively , the analyte 

15 or analog may be bound to the solid (gel) phase, and the 

analyte-specific binding partner labeled with the reactiv- 
ating agent • In the first embodiment, analyte in the sam- 
ple competes with labeled analyte for binding to the solid 
phase binding partner. Increasing amount of analyte in the 

20 sample allow more of the labeled analyte/analog to diffuse 
to the inactivated enzyme, and thus provide an increased 
signal. In the second embodiment, analyte in the sample 
competes with solid phase analyte/analog for binding to the 
free labeled binding partner. Increasing amounts of analyte 

25 in the sample allow more labeled binding partner to reach 
the electrode surface, and again provide an increased sig- 
nal. 

The device may also be configured in a sandwich 
format, having a solid phase analyte-specific binding part- 
30 ner and a free labeled analyte-specific binding partner. In 
this embo dim ent, the analyte binds to both binding partners, 
and thus immobilizes the labeled species. Thus, increasing 
the concentration of analyte in the sample decreases the 
signal level. 
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One may also use displacement methods, in which 
the second binding partner (e.g., analyte/analog ) and 
analyte-specific binding partner (one of which is bound to 
the solid phase) are provided in immunocomplex form. In 
S these assays, the second binding partner is displaced by the 
sample analyte, and the labeled species allowed to diffuse 
to the reversibly inactivated enzyme. 

The reversibly inactivated enzyme may be immobil- 
ized at the electrode surface by a variety of methods, 

10 including without limitation trapping in gel , covalent bond- 
ing to a suitably derivatized surface, drying on the surface 
and physical adsorption. See, for example, Nakamura et al, 
U.S. Pat. No. 4,321,123; Schall Jr. et al, U.S. Pat. No. 
4,357,142; Williams et al, U.S. Pat. No. 4,414,080; and 

13 Gorton et al, U.S. Pat. No. 4,490,464, all incorporated 

herein by reference. Physical adsorption is presently pre- 
ferred. 

Alternatively, reversibly inactivated enzyme may 
be used to label the first or second specific binding part- 
20 ner by conjugation techniques known in the art of enzyme 

Immunoassay. In this case, the reactivating agent would be 
immobilized or localized at or near the electrode surface by 
covalent attachment to the electrode or to a carrier or 
spacer which is bound to or entrapped near the electrode. 
25 See for example, Durfor et al, U.S. Pat. No. 4,797,181, and 
Bowers et al, U.S. Pat. No. 4,704,193, incorporated herein 
by reference in full. 

Preparation of the specific binding partners will 
depend upon the particular form of binding partner pair sel- 
ected. Antibodies specific for an analyte are prepared by 
conventional means. In general, the analyte is first used 
to immunize a suitable animal, preferably a mouse, rat, rab- 
bit or goat. Rabbits and goats are preferred for the prep- 
aration of polyclonal sera due to the volume of serum 
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obtainable and the availability of labeled anti-rabbit and 
anti-goat antibodies. If tne analyte is a small molecule 
(hapten), it is generally first conjugated to a large car- 
rier molecule, such as keyhole limpet hemocyanin (KLH) or 
5 bovine serum albumin (BSA) prior to immunization, immuni- 
zation is generally performed by mixing or emulsifying the 
protein in saline, preferably in an adjuvant sucb as 
Freund's complete adjuvant, and injecting the mixture or 
emulsion parenterally (generally subcutaneously or intra- 
10 muscular ly) . a dose of 50-200 Mg/injection is typically 
sufficient. immunization is generally boosted 2-6 weeks 
later with one or more injections of the protein in saline, 
preferably using Freund's incomplete adjuvant, one may 
alternatively generate antibodies by in vitro immunization 
using methods known in the art, which for the purposes of 
this invention is considered equivalent to in vivo immuni- 
zation. 

Polyclonal antisera is obtained by bleeding the 
imm unized animal into a glass or plastic container, incu- 
bating the blood at 25 *C for one hour, followed by incubat- 
ing at 4'C for 2-18 hours. The serum is recovered by cen- 
trifugation (e.g., 1,000 x G for 10 minutes). About 20-50 
hit, per bleed may be obtained from rabbits. 

Monoclonal antibodies are prepared following the 
25 method of Kohler and Milstein, Mataca (1975) 256.'- 495-96, or 
a modification thereof. Typically, a mouse or rat is immun- 
ized as described above. However, rather than bleeding the 
animal to extract serum, the spleen (and optionally several 
large lymph nodes) is removed and dissociated into single 
cells. If desired, the spleen cells may be screened (after 
removal of nonspecif ically adherent cells) by applying a 
cell suspension to a plate or well coated with the antigen. 
B-cells expressing membrane-bound immunoglobulin specific 
for the antigen bind to the plate and are not rinsed away 
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with the rest of the suspension. Resulting B-cells, or all 
dissociated spleen cells, are then induced to fuse with mye- 
loma cells to form bybridomas and are cultured in a selec- 
tive medium (e.g., hypoxanthine , aminopterin, thymidine 
medium, "HAT"). The resulting hybridomas are plated by lim- 
iting dilution and are assayed for the production of anti- 
bodies whicb bind specifically to the immunizing antigen 
(and which do not bind to unrelated antigens). The selected 
monoclonal antibody-secreting hybridomas are then cultured 
either In vitro- (e.g.. In tissue culture bottles or hollow 
fiber reactors and the like), or in vivo (as ascxtes xn 

mice ) . , . 

Antibody derivatives are generally prepared by 
proteolytic cleavage of antibodies (usually IgG or igM) to 
15 provide Fab or F(ab') 2 fragments. Digestion with pepsin 
cleaves the antibody molecule below the heavy chain-heavy 
chain disulfide bond, resulting in two (antigen-binding) Fab 
fragments and an Fc fragment. Digestion with papain cleaves 
the antibody molecule above the heavy chain-heavy chain ^ 
20 disulfide bond, resulting in one (antigen-binding) F(ab') 2 
fragment and an FC fragment. Antibody derivatives also 
include hybrid antibodies (an antibody where each half is 
derived from a different antibody, thus providing two non- 
identical antigen-binding sites) and chimeric antibodxes (xn 
25 which the antigen-binding regions from one antibody are 
joined to a different constant portion, typically using 
recombinant DMA methods). Hybrid and chimeric antibodies 
and their construction are described in Cabilly et al, U.S. 
Pat.. No. 4,816,567, incorporated herein by reference. 

Nucleic acid binding partners are prepared by 
means known to those of ordinary skill in the art, for 
example by cloning and restriction of appropriate sequences 
or preferably by direct chemical synthesis. For example, 
one may employ the phosphotriester method described by S.A. 
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Narang et al r Me^h Enzvmol , (1979) £&:90 , and U.S. Pat. No. 
4,356,270, incorporated herein by reference. Alternatively, 
one may use the phosphodiester method disclosed in E.L. 
Brown et al, Fnavmol. (1979) £&:109, incorporated 

5 herein by reference. Other methods include the diethyl- 
phosphoramidite method disclosed in Beaucage et al, TStra- 
HfidxQlL-Lfitt, (1981) 22:1859-62, and the solid support method 
disclosed in U.S. Pat. No. 4,458,066. one of the binding 
partners will be labeled with a member of the reversibly 
10 inactivated enzyme/reactivating agent pair using conven- 
tional chemical methods. Polynucleotide assays of the 
invention will be conducted under temperature and solvent 
conditions appropriate to nucleic acid hybridization assays: 
the precise conditions will depend upon the length and 
15 homology of the binding partners, but are easily determined 
by those of ordinary skill in the art with no more than rou- 
tine experimentation. For example, the hybridization tem- 
perature is typically calculated following the formula 
(assuming 0.9 M NaCl) : 
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T(*C) - 4(N- + N c ) + 2(N X + N T ) - 5'C, 



where N Q , N Q , N A , and N T are the numbers of G, C, A, and T 
bases in the probe (J. Meinkoth et al, ftnnl filPCfaem (1984) 
25 12a: 267-84). The device of the invention may optionally 
include temperature regulating means for maintaining the 
matrix at the optimum temperature for hybridization. 

Binding partner/label conjugates (in which the 
label is a member of the reversibly inactivated enzyme/ 
reactivating agent set) are also prepared by standard 
methods known in the art. Where the binding partner is an 
antibody, antibody derivative, or protein antigen and the 
label comprises an apoenzyme, one may employ standard pro- 
cedures like those used to label antibodies with horseradish 
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peroxidase (HHP) . Where the label is a prosthetic group 
cof actor or substrate, and/or where the binding partner is 
other than a protein, suitable methods will generally 
include covalent bonds using a Afunctional spacer. See for 
5 example Boguslaski et al, U.S. Pat. No. 4,230,797. 

The matrices used in the invention are prepared by 
conventional means or are obtained from commercial ^un- 
suitable matrices may be formed from polyacrylamide , agar 
ose, collagen, gelatin, starch, cellulose, polyu.etha.e 
10 nylon, and the like, and may take the form of a gel 

thin membrane, bulk solid, and the like. The «**"-^ 
formed in situ on the electrode surface or may be 
and cut to fit the device. The matrix material may be sel 
ected for adhesion to the electrode surface or may be heia 
15 in place by adhesives or mechanical means (for ^ample ^ 
clips, retaining walls, etc.). The particular Sal 
ected will depend in part upon the configuration of 
assay and the size and nature of the labeled and non-labeled 
binding partners. For example, where the labeled binding 
20 partner is a small organic molecule (e.g., a drug analog), 
toe matrix need only Oe permeable to the labeled 
and need not be permeable to proteins. However where the 
labeled binding partner is an antibody, the matrix must be 
permeable to the antibody, and generally to the antibody/ 
25 analyte complex (particularly where the analyte is a large 
protein). In such cases, the matrix will generally be a gel 
such as polyacrylamide, the permeability of which can be 
varied by controlling the degree of polymerization. 

The supporting surface of the device must be chem- 
30 ically stable and generally inert under the assay condi- 
tions. Typical surface materials are nylon, polyuretoane^ 
polystyrene, polypropylene, glass, stainless ^el^and the 
like. The supporting surface may consist almost entirely of 
the working electrode and/or the reference electrode, in 
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which, case suitable materials further include platinum, sil- 
ver, gold, carbon, and other typical electrode materials. 
The device may be structured in a variety of shapes, for 
example as a well, open tube, dipsticlc or probe, grid, or a 
5 simple flat surface. The reference electrode need not be 
physically attached to the remainder of the device, as long 
as it is electrically connected and placed in sufficient 
proximity to the working electrode to serve as a reference 
electrode. Thus, for example, one can prepare a device of 
10 the invention for assaying body fluids in situ, using a 

small probe-shaped working electrode/matrix and a separate 
reference electrode. This embodiment can be used to assay, 
for example, amniotic fluid, cerebrospinal fluid, blood com- 
ponents, and the like, either by insertion through the skin 
15 or by endoscopic positioning. In such applications, it is 
desirable to protect the matrix from contact with fluid 
until positioned, for example by sheathing or capping the 
matrix in such a manner that it may be exposed remotely. 

Devices of the invention for the assay of multiple 
20 analytes may be similarly prepared. It is convenient to 
provide a series of detection modules on one surface , each 
module constituting a complete assay device. The multiple 
analyte device of the invention may conveniently be provided 
with a single sample receiving means, such that one sample 
25 placed on the device at the appropriate location will be 
spread and distributed to each of the modules for assay. 
Thus, for example, one may assay a drop of blood for a 
series of possible constituents simultaneously. 

The devices of the invention may be assembled by a 
variety of methods. In a first type of device, the revers- 
ibly inactivated enzyme/reactivating agent set comprises an 
apoenzyme oxidoreductase and its prosthetic group (for exam- 
ple, apoGO and FAD) . The apoenzyme is immobilized at the 
surface of an electrode (preferably a carbon disk or plat- 



30 



• WO 91/16630 



PCT/US91/02484 



27 



inum wire) by drying an apoGO solution on the electrode sur- 
face. 

c. Examples . . . „„ _ 

The examples presented below are provided as a 
5 further guide to the practitioner of ordinary skill la the 
art and are not to be construed as limiting the invention in 
any way. 

. 10 - (selection of a Mediator) 

A redox couple may be evaluated for suitability as 
a mediator in the device of the invention using the follow- 
ing experiment. In this example, the benzoquinone/hydro- 
guinone redox couple was evaluated. 

15 (A) fffflnr fntrntials? 

A three electrode system was employed, using a 
working electrode of platinum (or gold) sputtered over a 
thin alumina plate, a counter electrode of silver sputtered 
over a thin alumina plate, and a reference electrode of 

20 cMoridized silver wire or Ag/AgCl in saturated KC1. The 
electrodes were cleaned by rinsing with ethanol followed by 
distilled water. Phosphate buffer (0.1 M K 2 HP0 4 , 0.1 M 
KH 2 P0 4 , o.l M KCl), P H 7.4, was used to prepare all 
tions. cyclic voltammograas (-0.7 V to -K>.8 Vvs. AgCl, 100 

25 mv/s scan rate) of both 10 mM benzoquinone and 10 mM hydro- 
quinone solutions were measured with a BAS CV-37 potentio- 
stat and recorded with an HP-7004B X-Y recorder. All meas- 
urements were taken at room temperature. 

cyclic voltammograms of. the phosphate buffer alone 

30 showed no redox activity. Cyclic voltammograms of benzo- 
guinone showed reversible redox behavior with a 6 mA reduc- 
tion peak at 250 mV vs. AgCl, indicating reduction of benzo- 
guinone to its reduced form, hydroquinone , and a 1 f«A oxida 
tion peak at 60O mV vs. AgCl, indicating oxidation of the 
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reduced form back to benzoquinone . The dominant reduction 
peek indicates that benzoquinone initially exists in excess 
over hydroquinone , which must be generated electrochem- 
ically. 

5 cyclic voltammograms of hydroquinone showed rever- 

sible redox bebavior with a 5 ma oxidation peak at 600 mV 
vs. AgCl, indicating oxidation to benzoquinone, and a 1 MA 
reduction peak at 250 mV vs. AgCl, indicating reduction of 
the oxidized form back to hydroquinone. The dominant oxi- 
10 dation peak is due to the initial excess of hydroquinone 

over benzoquinone. 

Since the present invention depends on measurement 
of the extent of enzyme reaction by measuring consumption of 
the oxidant (benzoquinone) , benzoquinone was selected as the 
15 oxidant reagent for use in the examples below. However, it 
should be noted that benzoquinone is photosensitive. In the 
examples below, the concentration of benzoquinone was 
reduced from 10 mM. Alternatively, one may protect the 
reagent from light using standard masking techniques or sel- 
20 ect a photostable mediator. 

(B) oxidation of Gl u^"«ta oxidase: 
Benzoquinone was next examined for ability to oxi- 
dize the reduced form of glucose oxidase (GO) in solution, 
by amperometric measurement at a constant potential bias. 

Amperometric measurements were made with a BAS CV- 
27 potentiostat and recorded with a SOLTEC chart X-Y recor- 
der. A two electrode system was employed, using a carbon 
disk electrode (BAS, 2 mm diameter) as the working elec- 
trode and a chloridized silver wire as the reference/coun- 
ter electrode. All measurements were made in a 15 ml, reac- 
tion vessel, with the electrode system immersed in 6 mL of a 
reaction mixture of benzoquinone, glucose and NaN 3 (5 mM 
each). The reaction mixture was stirred constantly using a 
l cm stirring bar and a NUOVA magnetic stirrer set at a stir 
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speed of 2. Hydro quinone oxidation current: was measured at: 
a constant potential of 600 mv vs. AgCl. 

Reagent grade glucose oxidase (Aspergillus niger, 
255 U/mg) was obtained from Sigma Chemical Co. After tlie 
5 baseline current was established , GO was added in 20 Ml* ali- 
quots, said the change in current measured. The results are 
depicted graphically in Figure 2. oxidation current 
increased with increasing concentration of GO, indicating 
that benzoquinone was able to reoxidize reduced GO in bulX 
10 -solution. The useful dynamic range of the system was found 
to be approximately 0.01 to 20 pg/m£* GO. 

Example 2 

(Reconstitution of Apoenzyme) 

15 (A) Reconstittttign in solutions 

The ability of flavin adenine dinucleotide (FAD) 
to complex with and reactivate apoGO in a bulk solution con- 
taining all the reagents was investigated by amperometric 
detection at a constant potential bias. 

20 The same sputtered Pt and Ag electrode system des- 

cribed above was adopted, except that only a single Ag elec- 
trode was used in a two-electrode system. All othe r equip- 
ment and settings were as described above. Apoglucose oxi- 
dase (apoGO) was prepared from the same lot as the active GO 

25 used in Example 1 above. The prosthetic group, FAD, was 
dissociated from the apoenzyme using methods described in 
the literature (D.L.. Morris et al, Meth Enzvraol (1983) 22.: 
413-42, incorporated herein by reference). The reactivated 
apoenzyme exhibited a reduced specific activity of 43 U/mg 

30 relative to the native GO starting material. 

All measurements were made in a 15 mL reaction 
vessel containing 6.5 mL of 100 mM glucose/NaN 3 , 100 /iL of 5 
mg/mL apoGO in 0.1 M buffer, pH 7.4, and 100 fil* FAD at var- 
ious concentrations. This mixture was stirred for 5 min- 
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utes before adding benzoquinone solution (6.5 bL, 25 mM) . 
oxidation current response was measured at a constant poten- 
tial bias of 450 mV vs. AgCl. 

An FAD dose-response curve was obtained by plot- 
ting change in oxidation current vs. final FAD concentra- 
tion, shown in Figure 3. oxidation current increased in 
response to increasing concentrations of FAD over the dyn- 
amic range, 1.71 x 10" 11 M to 1.71 x 10" 7 M FAD. 

The detection limit of an immunoassay is inversely 
proportional to. tne affinity constant of the antibody, in 
this case 3 x 10 8 M" 1 . The electrochemically determined 
detection limit of 1.71 x 10" 11 M is therefore well beyond 
the theoretical detection limit of 3 x 10" 9 M for this anti- 
body-antigen system. 
15 ( B ) ftftCQnst i tTJtlnn in Solifl PTiase : 

Apoglucose oxidase was immobilized in a poly- 
acrylamide membrane deposited onto the working electrode 
surface. Reactivation of immobilized apoGO by FAD diffusing 
into the membrane from a bulx solution containing necessary 
reagents was investigated by amperometric measurement at a 

constant potential bias. 

The same two-electrode system described above was 
used. The electrodes were modified to accommodate the mem- 
brane by epoxying a ceramic ring (1 cm inner diameter) to 
the electrode surface, forming a cell having walls of depth 
about 1 mm. The electrode surface served as the bottom of 
the cell. The electrodes were electrochemically cleaned by 
scanning at a rate of lOO mV/sec from -1.2V to +0.2V vs. 
AgCl in 0.5 M H 2 S0 4 for 20 min and rinsing in distilled 
30 water. 

Apoglucose oxidase was immobilized in polyacryl- 
amide by mixing 20 mg apoGO in 100 til. 0.1 M buffer, pH 7.4, 
and 100 Ml* 40% aery 1 amide in a 10 iL beaker over ice. 
Ammonium persulfate (10 Ml., 10%) and 5 Ml. TEMED (N,N,N',N'- 
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tetramethylethylenediamine) were then added and stirred 
before pipetting 20 ML of this solution into the electrode 
cell- The final applied membrane contained a total of 
approximately 200 M g apoGO. After the membrane gelled, it 
5 was rinsed with distilled water and immersed in a 20 mL 
reaction vessel containing 5 mL of a benzoquinone stock 
solution (25 mM) and 3 mL of a 100 mM glucose/100 mM NaN 3 
stock solution (final concentrations: benzoquinone - 15.6 
mM, glucose/WaN 3 - 37.5 mM each). The solution was stirred 

10 constantly at a stir speed of 3 , and hydroquiribne oxidation 
current was measured at 600 mV vs. AgCl. Aliquots of FAD 
(100 HL) of various concentrations were added to the reac- 
tion mixture and change in oxidation current recorded after 
20 minutes or when current stabilized. 

15 Prior to electrochemical experiments, the ability 

of FAD, benzoquinone and glucose to permeate the membrane 
was confirmed by immersing the white membrane in each solu- 
tion and observing a color change (yellow for FAD, brown for 
benzoquinone/glucose) on cutting a cross section of the 

20 soaked membrane. 

Oxidation current increased in response to ^ 
increasing concentrations of FAD (up to 93% for 3 x 10~° M 
FAD final concentration) . An FAD dose-response curve was 
obtained over a range 3 x 10'" M to 3 x 10' 6 M FAD final 

25 concentration, shown in Figure 4. 

Example 1 
(Minimizing Drift) 
(A) in the measurements described in the exam- 
30 pies above using sputtered Pt as the working electrode, 

baseline drift was consistently substantial, typically 2 fiA/ 
hr with over a 200% increase in current. This drift may be 
due to adsorption of reagents onto the electrode surface, 
resulting in fouling of the electrode. In particular, the 
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benzoquinone/glucose solution was obsarved to turn viscous 
and murky in color with. time. Benzoquinone , known to be 
sensitive to both light and to oxygen, can conceivably 
change over time, possibly reacting with glucose and accum— 
5 ulating on the electrode surface. Measurements made with 
the carbon disk electrode resulted in less drift, possibly 
due to the favorable electrochemical and physical properties 
of carbon or better cleaning with this structure. 

To minimize drift from sputtered Ft electrodes, a 

10 dynamic method of amperometric measurement (cyclic vo It am- 
ine try ) was adapted in which potential was continuously 
cycled over a fixed range. Cyclic voltammetry affords con- 
tinuous electrochemical cleaning and reactivation of the 
electrode surface. Cyclic voltammetry also allows a visual 

15 representation of the spectrum of electrochemical activity 
over a wjrie potential range. 

(A) gyclig Vol tmrnnfttry With a Cttrbpn DisK 
Electrode: 

20 Cyclic voltammetry was investigated as a measure- 

ment technique to overcome problems which result in drift of 
baseline current. current response to FAD in the previously 
described carbon disk/AgCl two-electrode system was measured 
by cyclic voltammetry. The same BAS CV-27 potent iostat and 

25 settings were used. All measurements were made in a 15 mL 
reaction vessel. The baseline reaction mixture consisted of 
a 6 mL solution of. 500 piM benzoquinone , 5 mM glucose and 5 
mM NaN 3 in 0.1 M phosphate buffer, pH 7.4. A stock apoGO 
solution (20 pi., 10 mg/mL) was added to this solution to 

30 produce a final concentration of approximately 10 fig/mli 
apoGO. This reaction mixture was stirred constantly at a 
setting of 3. Potential was scanned from -800 mV to +800 mV 
vs. AgCl at a scan rate of 100 mV/sec. Cyclic voltammograms 
were recorded with an HP700B4 X-Y recorder at 5 min inter- 

35 vals. After the baseline scans * stabilized , 100 ML of FAD at 
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various concentrations was added. The extent of the enzyme 
reaction was measured by monitoring both ( hydroquinone ) oxi- 
dation and (benzoquinone) reduction current peaks at 50O mV 
and -270 mV vs. AgCl, respectively, after twenty minutes. 
5 Both oxidation and reduction baseline currents 

decreased initially, but stabilized after about 10 minutes 
with subsequent cyclic voltammograms becoming superimpos- 
able. oxidation current increased (up to 200% for 1.6 x 
10" 6 M FAD) accompanied by decreased reduction current (up 

10 to 90%) upon adding increasing concentrations of FAD. This 
trend continued until the reduction peak disappeared, at 
which point a reversal of current direction for both oxida- 
tion and reduction peaks occurred, subsequently, the oxida- 
tion current began to decrease and the reduction peak began 

15 to increase, indicating a depletion of benzoquinone and a 
shift of the benzoquinone/hydroquinone equilibrium favoring 

production of benzoquinone. 

Two FAD dose-response curves were obtained by 
plotting percent change in oxidation and reduction currents 
vs. FAD final concentration over the range 1.6 x 10 M to 
1.6 x 10" 6 M FAD (Figure 5). Percent changes in oxidation 
current were generally greater than percent changes in red- 
uction current. This is because the initial hydroquinone 
oxidation current was small compared to the initial benzo- 
quinone reduction current, since hydroquinone is generated 
as a reaction product from excess benzoquinone. Thus, any 
change in oxidation current, although smaller in absolute 
magnitude than a corresponding change in reduction current, 
is a greater percent of total current. 

( B ) PmHnariso n nr rarbon PlntlTfflffl flTlH ffl l V9r 

Blprtroda systems: 
Performance of carbon disk vs. AgCl wire and sput- 
tered Pt vs. chloridized sputtered Ag working vs. reference 
electrode systems was compared. Since apoenzyme reactiva- 
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tion rate is diff usion-limited , the size of the reaction 
vessel and the overall reaction volume were minimized to 
decrease response time. 

The sputtered Pt/Ag electrode cell described above 
was used in the two-electrode configuration. An additional 
electrode cell similar in size was constructed by inverting 
the BAS carbon disk electrode so that tne carbon disk con- 
stituted the call floor, and cell walls were formed by 
inserting the tip snugly into a ring cut from Tygon* tub- 
ing. A chloridized silver wire. coil was used as the refer- 
ence/counter electrode. The electrode wire was tightly 
coiled in order to increase the reactive surface area of an 
electrode small enough to fit into a reaction cell which 
could be immersed in a volume of 100 **L. The reaction mix- 
15 ture consisted of lOO jcx. of 0.5 mM benzoguinone and 5 mM 

each of glucose and NaN 3 in 0.1 M phosphate buffer, pH 7.4. 
Oxidation and reduction currents were measured at +500 mV 
and -200 mv vs. AgCl, respectively, and monitored by cyclic 
voltammetry using the same parameters described above. GO 
(10 ixL, 10 mg/mL) was carefully pipetted into botb cells, 
and the change in current recorded. 

While baseline current of the cell using the car- 
bon electrode stabilized within 10 min, baseline of the 
sputtered Pt vs. Ag cell decreased at a rate of 10 /iA/hr. 
This drift was likely due to tne quality of sputtered Pt 
and/or sputtered Ag. Despite this drift, addition of GO 
resulted in immediate increases in oxidation current (159% 
for the carbon disk vs. AgCl coiled wire, 10% for sputtered 
Pt vs. sputtered Ag) and decreases in reduction current (70% 
for the carbon disk vs. AgCl coiled wire and 53% for sput- 
tered Pt vs. sputtered Ag) . Response time was less than 10 
seconds. The effect of the drift in baseline for the sput- 
tered Pt vs. sputtered Ag electrode cell was reflected in 
the substantially smaller overall response to GO relative to 
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the carbon disk electrode system. As the direction of the 
drift was negative (i.e., opposite the direction of oxida- 
tion current response) it counteracted the oxidation current 
response, resulting in a smaller increase than that obtaxned 
5 for the carbon disk vs. AgCl wire coil electrode. 
(C) ff ff irreft of Drift: 

The same sputtered Pt/Ag electrodes described 
above were used in two different two-electrode configura- 
tions: 1) sputtered Pt vs. sputtered Ag, and 2) sputtered 

10 Pt vs. chloridized Ag coil. Baseline current was measured 
by cyclic voltammetry as described above. „ „. 4m 

While baseline current of the electrode cell using 
sputtered Ag as reference continued to decrease over time (1 
hr) , the baseline current for the cell in which AgCl wire 

X5 was used as the reference electrode stabilized substantially 
within 10 minutes. Most likely, the chloridized sputtered 
Ag did not function satisfactorily as a stable reference 
electrode, due to poor quality of sputtered Ag and lack or 
an adhesion layer. Use of a chloridized Ag wire coil as the 

20 reference/counter electrode reduced drift relative to the 
chloridized sputtered Ag. . , 

Although use of a small reaction cell and volume 
improved response time, responsiveness of the polyacrylamide 
. membrane-covered electrode was suboptimal due to non-uniform 

25 membrane thickness and slow diffusion through the membrane, 
consequently, another means of immobilizing the enzyme was 
sought. 

30 (Alternate Enzyme immobilization) 

Drying solutions of enzyme (apoGO or GO) directly 
onto the electrode surface was investigated as a means of 
immobilization. The sputtered Pt vs. chloridized Ag wire 
coil two electrode system described above was used. GO ana 
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apoGO were dried on electrode surfaces by pipetting 10 1^ ^ 
enzyme solution (100 mg/ml. in 0.1 M phosphate buffer, pH 
7.4) onto the electrode cell and blowing the surface dry 
with N 2 gas. This procedure was repeated five times before 
5 rinsing with distilled, water and blowing dry a final time. 
Next, 100 aiL of either 1 mM benzoquinone (for GO) or 0.5 mM 
benzoquinone and 5 mM glucose (for apoGO) was added to the 
electrode cell in 0.1 M phosphate buffer, pH 7.4, and cur- 
rent was measured from 0 to +800 mV by cyclic voltammetry as 

10 described above. Scanning in only. the positive potential 
range eliminated depletion of benzoquinone due to electro- 
chemical reduction. After baseline current stabilized, 
either 5 jiL of 10 mM glucose or 10 /iL of a 10~ 6 M FAD stock 
solution was carefully pipetted into appropriate cells and 

15 cyclic voltammograms recorded at 1 min intervals. O x idation 
current at 800 mV increased immediately upon addition of 
respective reagents (46% for glucose, 8% for FAD) with a 
response time of less than 10 seconds. 

20 gyfimplQ 5 

(Demonstration of Layered Configuration) 
Filter paper was investigated as a dual acting 
substrate for 1) immobilization of apoGO by absorption into 
the paper itself (1st layer); and 2) incorporation of a 

25 poly aery 1 amide m emb rane as a second layer. Permeability of 
the membrane to FAD and to an FAD-theophylline conjugate 
("FAD-T") and reactivation of apoGO absorbed in the filter 
paper were also investigated by cyclic voltammetry. 

The same sputtered Ag/Pt two electrode cell, set- 

30 "up and equipment used for cyclic voltammetric measurements 
described above were used. Whatman #1 filter paper was used 
as the substrate for the po ly aery 1 amide membrane. Acryl- 
amide (200 /H-, 20% solution in 0.1 M phosphate buffer, pH 
7.4) was polymerized by adding 10 pi. of 10% ammonium per- 
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sulfate and 5 fjL of TEMED, stirring quickly over ice and 
pouring onto the filter paper. The filter paper was laid 
over the mouth of a 50 mL beaker to minimize seepage of the 
membrane solution through the filter paper. After the fil- 
5 ter paper became saturated , a thin layer of acrylamide solu- 
tion about 1 cm x 0.5 cm in surface area remained on top. 
The membrane was left until polymerization was complete. 
After the filter paper was dry, circles were punched out 
with a #5 (1 cm diameter) corJc borer. 

10 ApoGO (50 ng) was - immobilized in the filter paper 

by pipetting s of an apoGO solution (10 mg/mL apoGO in 
0.1 M phosphate buffer) onto the reverse side of the filter 
paper (the side without polyacrylamide) and letting it 
absorb into the paper. 

15 For electrochemical measurements, a benzoguinone 

solution (5 /iL of 500 fiH benzoguinone, 5 mM glucose and 5 mM 
NaN 3 ) was added to the electrode to wet the surface. The 
membrane/filter paper circle with absorbed apoGO was 
inserted into the cell, apoGO side down, to fit snugly 

20 against the electrode surface. Oxidation current was meas- 
ured by scanning from 0 to +800 mV vs. AgCl at a scan rate 
of 100 mV/sec. After the baseline current stabilized, 5 ML 
of 0.1 M buffer solution was carefully pipetted onto the 
membrane surface as a control and current measured for at 

25 least 30 min. Next, 5 ML aliquots of either FAD (10~ 8 - 
10~ 6 M) or FAD— T (10~ 6 M) were pipetted onto the membrane 
surface and current responses recorded. 

Baseline current stabilized to less than 1% per 
minute drift within 10 minutes. No current change was 

30 recorded on addition of 0.1 M phosphate buffer In con- 
trast, dose-dependent increases in current over baseline 
were observed with increasing concentrations of FAD: from 
240 nA at 10~ 8 M FAD to 3 mA at 10~ 6 M FAD with response 
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times of less than 30 seconds. Similarly, a 2 mA current 
increase occurred with addition of 10~ 6 M FAD— T. 

Thus, filter paper was shown to be an effective 
substrate for absorbing apoGO and supporting a polyacryl- 
5 ami de membrane in a two-layer configuration. FAD (10 M 
10~ 6 M) and FAD— T conjugate (10"~ 6 M) were able to permeate 
through the membrane to reactivate apoGO, resulting in an 
increase in oxidation current at the electrode. 



15 



20 



10 Byamule 6 

(Alternate configuration) 
A hapten-displacement device of the invention was 
prepared, using a hydrogel-immobilized layer of anti-theoph- 
ylline antibody : FAD-T complexes ( Ab : FAD— T ) . The Ab: FAD— T 
complex was immobilized in polyacrylamida using filter paper 
as a substrate, as described above. The dose-response rela- 
tionship for unlabeled theophylline was measured by cyclic 
voltammetry . 

Anti-theophylline monoclonal IgG antibody (affin- 
ity constant 3 x 10~ 8 L/mol) and theophylline were obtained 
from OEM Concepts, inc., and FAD— T conjugate was obtained 
from Miles Diagnostics group. Methods were the same as des- 
cribed above, except for inclusion of 50 /iL 10" 8 M anti- 
theophylline monoclonal antibody (0.3 itg) and 50 pL> 10*" M 
25 FAD-T conjugate in the 200 mL of 20% acrylamide. This mem- 
brane solution was incubated for 30 min in a 37 'C water bath 
to allow antibody: FAD-T complex formation. 

Prior to measuring electrochemical responses, 5 fil. 
of 0.1 M phosphate buffer and 5 yl. of (50O yXl benzoguinone + 
5 mM glucose) were applied to the membrane as separate con- 
trols. Similarly, 5 fil, aliquots of 10 fM and 100 jiM theoph- 
ylline were added to determine theophylline dose response. 

Baseline current ranged from 0.5 to 1.5 fiA. cur- 
rent increase was minimal on addition of controls (0% for 
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0.1 M phosphate buffer and 5% for the benzoquinone/glucoae 
control). Tne small current response to tne benzoquinone/ 
glucose control is attributable to excess unbound FAD-T coi 
jugate in tne membrane. In contrast, dose-dependent cur- 
5 rent increases were observed with theophylline additions 1! 
for 10 mm theophylline and up to 650% for 100 mM theophyl- 
line with a response time of less than 30 seconds. 
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WHAT IS CLAIMED: 

1. A device for detecting an analyse within a 

liquid sample, which device comprises i 
5 a surface comprising a working electrode? 

a reference electrode; 

a first member of a reversibly inactivated enzyme- 
reactivating agent set f wherein said reversibly inactivated 
enzyme and said reactivating agent together form an active 
10 enzyme when reconstituted, said active enzyme being capable 
of catalyzing a current-generating chemical reaction, said 
f irst member being immobilized at said surface? 

a first swellable matrix positioned on said first 



15 a first specific binding partner, specific for 

said analyte? 

a second specific binding partner capable of com- 
peting with said analyte for binding with said first spe- 
cific binding partner, where either said second specific 

20 binding partner or said first specific binding partner is 
labeled with a second member of said reversibly inactivated 
enzyme-reactivating agent set, and wherein said second set 
member bound to said specific binding partner is capable of 
combining with said first set member and reconstituting said 

25 enzyme when said first specific binding partner is not bound 
to said second specific binding partner, but is incapable of 
reconstituting said enzyme when said first specific binding 
partner is bound to said second specific binding partner? 
a substrate for said enzyme? and 

30 signal-detecting means attached to said elec- 

trodes, capable of detecting a signal generated by said 
current-generating chemical reaction upon catalysis by said 
enzyme after r econstitution . 



WO 91/16630 



PCT/US91/02484 



- 41 - 



2. The device of claim 1, which further 

comprises : 

a second matrix positioned on said first matrix, 
said second matrix preventing binding between said first and 
5 second specific binding partners in the absence of said 
sample . 

3. The device of claim 1, wherein said revers- 
ibly inactivated enzyme-reactivating agent set is selected 

10 from the group consisting of: 

apoglucose oxidase and FAD; 

apoglutathione reductase and FAD; 

a po cytochrome reductase and FMN; 

apo-NADPH : enzyme and FMN; 
15 apolipoamide dehydrogenase and FAD; 

apopyridoxine phosphate oxidase and FMN; 

apo-horseradish peroxidase and heme; and 

apo cytochrome C and heme. 

20 4 . The device of claim 3, wherein said revers- 

ibly inactivated enzyme-reactivating agent set is apoglucose 
oxidase and FAD. 

5. The device of claim 1, wherein said first 
25 specific binding partner comprises an antibody specific for 

said analyte. 

6. The device of claim 5 wherein said anti- 
body is entrapped in said first matrix, such that said anti- 

30 body is prevented from diffusing to said first member. 

7. The device of claim 1, wherein said signal 
is detected by measuring current, voltage, conductivity, or 
capacitance . 
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8. The device of claim 1, wherein said analyte 

comprises theophylline. 

5 9. The device of claim l f wherein said first: 

and second specific binding partners comprise complementary 
polynucleotides . 

10. The device of claim 1, which further com— 
10 prises a mediator, said mediator having an oxidation/ 
reduction potential lower than that of said enzyme. 



11. The device of claim 10, wherein said medi- 
15 a tor is selected from the group consisting of ferrocene, 

hexacyanof errate, ferricinium salts, benzoguinone , methylene 
blue, methyl viologen, benzyl viologen, and poly-viologen. 

12. A device for detecting an analyte within a 
20 liquid sample, which device comprises: 

a surface comprising a working electrode; 
a reference electrode; 

a first member of a reversibly inactivated enzyme- 
reactivating agent set, wherein said reversibly inactivated 
25 enzyme and said reactivating agent together form an active 
enzyme when reconstituted, said active enzyme being capable 
of catalyzing a current-generating chemical reaction, said 
first member being immobilized at said surface; 

a first swellable matrix positioned on said first 

30 member; 

a first specific binding partner, specific for 
said analyte; 

a second specific binding partner specific for 
said analyte, where either said first specific binding part- 
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ner or said second specific binding partner is labeled with 
a second member of said reversibly inactivated enzyme-react- 
ivating agent set, and wherein said second set member bound 
to said specific binding partner is capable of combining 
5 witb said first set member and reconstituting said enzyme 
wben said analyte is not bound to said first and second spe- 
cific binding partners, but is incapable of reconstituting 
said enzyme when said analyte is bound to said labeled spe- 
cif ic binding partners ; 
10 a substrate for said enzyme; and 

signal-detecting means "attached to said elec- 
trodes, capable of detecting a signal generated by said cur- 
rent-generating chemical reaction upon catalysis by said 
enzyme after reconstitution. 

15 

13. The device of claim 12, wherein said rever- 
sibly inactivated enzyme-reactivating agent set is selected 
from the group consisting of: 

apoglucose oxidase and FAD; 
20 apoglutathione reductase and FAD; 

apocytochrome reductase and FKN; 

apo-NADPH; enzyme and FMN; 

apolipoamide dehydrogenase and FAD; 

apopyridoxine phosphate oxidase and FMN; 
25 apo-horseradish peroxidase and heme; and 

apocytochrome C and heme. 

14. The device of claim 13, wherein said rever- 
sibly inactivated enzyme-reactivating agent set is apoglu- 

30 cose oxidase and FAD. 

15. The device of claim 12, wherein said first 
and second specific binding partners comprise antibodies 
specific for said analyte. 
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16. The device of claim 12 r further comprising 
a second swellable matrix positioned on said first swellable 
matrix , said second matrix co mpr ising said second specific 
binding partner, said second matrix being permeable to said 
second specific binding partner and said analyte, said sec- 
ond specific binding partner comprising one member of said 
reversibly inactivated enzyme/reactivating agent set, said 
first matrix comprising said first specific binding partner. 



10 



17. The device of claim 12 r wherein said signal 
is detected by measuring current , voltage , conductivity, or 
capacitance. 

15 18. The device of claim 12 , wherein said 

analyte comprises theophylline. 

19. The device of claim 12 r wherein said 
analyte comprises a polynucleotide, and said first and si 

20 ond specific binding partners comprise polynucleotides 

plementary to nonoverlapping portions of said analyte poly- 
nucleotide • 

20. The device of claim 12, which further com- 
25 prises a mediator, said mediator having an oxidation/reduc- 
tion potential lower than that of said enzyme. 

> 

21. The device of claim 20, wherein said medi- 
ator is selected from the group consisting of ferrocene , 

30 hexacyanof errate , ferricinium salts, benzoquinone , methylene 
blue, methyl viologen, benzyl viologen, and poly-viologen. 
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22. A method for determining the presence of a 
selected analyte within a liquid sample, which method com- 



prises: 

providing a device comprising a surface comprising 

S a working electrode; a reference electrode? a first member 
of a reversibly inactivated enzyme-reactivating agent set, 
wherein said reversibly inactivated enzyme and said react- 
ivating agent together form an active enzyme when reconsti- 
tuted, said active enzyme being capable of catalyzing a cur- 
io rent-generating chemical reaction , said first member being 
immobilized at said surface; a first swellable matrix posi- 
tioned on said first member, a first specific binding part- 
ner specific for said analyte; a second specific binding 
partner capable of competing with said analyte for binding 
15 with said first specific binding partner, where either said 
second binding partner or said first specific binding part- 
ner is labeled with a second member of said reversibly 
inactivated enzyme-reactivating agent set, and wherein said 
second set member bound to said specific binding partner is 

- - and recon— 



20 capable of combining with said first set 

stituting said enzyme when said first specific binding part- 
ner is not bound to said second specific binding partner, 
but is incapable of reconstituting said enzyme when said 
first specific binding partner is bound to said second spe- 
25 cific binding partner; a substrate for said enzyme; and 
signal-detecting means attacned to said electrodes, capable 
of detecting a signal generated by said current-generating 
chemical reaction upon catalysis by said enzyme after recon- 
stitution; 

30 applying said sample to said swellable matrxx; 

and 

detecting the resulting signal. 
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23. A method for determining the presence of a 
selected analyte within a liquid sample, which method com- 
prises: 

providing a device comprising a surface comprising 
5 a working electrode; a reference electrode? a first member 
of a reversibly inactivated enzyme-reactivating agent set, 
wherein said reversibly inactivated enzyme and said react- 
ivating agent together form an active enzyme when reconsti- 
tuted, said active enzyme being capable of catalyzing a cur- 
io rent-generating chemical reaction, said first member being 
immobilized at said surface; a first swellable matrix posi- 
tioned on said first member, a first specific binding part- 
ner specific for said analyte, a second specific binding 
partner specific for said analyte, where either said first 
IS binding partner or said second specific binding partner is 
labeled with a second member of said reversibly inactivated 
enzyme-reactivating agent set, and wherein said second set 
member bound to said labeled specific binding partner is 
capable of combining with said first set member and recon- 
20 stituting said enzyme when said analyte is not bound to said 
first and second specific binding partners, but is incap- 
able of reconstituting said enzyme when said analyte is 
bound to said labeled specific binding partners; a sub- 
strate for said enzyme; and signal-detecting means attached 
25 to said electrodes, capable of detecting a signal generated 
by said current-generating chemical reaction upon catalysis 
by said enzyme after reconstitution; 

applying said sample to said swellable matrix; 

and 

30 detecting the resulting signal. 

24. A device for detecting a plurality of sel- 
ected analytes within a liquid sample, which device com- 
prises: 
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a plurality of detection modules, each module 

comprising : 

a surface comprising a working electrode? 

a reference electrode; 

a first member of a reversibly inactivated enzyme- 
reactivating agent set, wherein said reversibly inactivated 
enzyme and said reactivating agent together form an active 
enzyme when reconstituted, said active enzyme being capable 
of catalyzing a current-generating chemical reaction, said 
first member being immobilized at said surface; 

a first swellable matrix positioned on said first 



a first specific binding partner, specific for 

said analyte; 

a second specific binding partner capable of ce 
peting with said analyte for binding with said first spe- 
cific binding partner, where either said second specific 
binding partner or said first specific binding partner is 
labeled with a second member of said reversibly inactivated 
enzyme-reactivating agent set, and wherein said second set 
member bound to said specific binding partner is capable of 
combining with said first set member and reconstituting said 
enzyme when said first specific binding partner is not bound 
to said second specific binding partner, but is incapable of 
reconstituting said enzyme when said first specific binding 
partner is bound to said second specific binding partner; 
a substrate for said enzyme; and 
signal-detecting means attached to said elec- 
trodes, capable of detecting a signal generated by said 
current-generating chemical reaction upon catalysis by said 
enzyme after reconstitution. 
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25. The device of claim 24, wherein said device 
further comprises a sample-receiving means which distributes 
said liquid sample to each detection nodule. 

5 26. A device for detecting a plurality of sel- 

ected analytes within a liquid sample, which device com- 
prises: 

a plurality of detection modules, each module 
comprising: 

10 a surface comprising a worldLng electrode? 

a reference electrode; 

a first member of a reversibly inactivated enzyme- 
reactivating agent set, wherein said reversibly inactivated 
enzyme and said reactivating agent together form an active 
15 enzyme when reconstituted, said active enzyme being capable 
of catalyzing a current-generating chemical reaction, said 
first member being immobilized at said surface; 

a first swellable matrix positioned on said first 



20 a first specific binding partner, specific for 

said analyte; 

a second specific binding partner specific for 
said analyte, where either said first specific binding part- 
ner or said second specific binding partner is labeled with 

25 a second member of said reversibly inactivated enzyme-react- 
ivating agent set, and wherein said second set member bound 
to said specific binding partner is capable of combining 
with said first set member and reconstituting said enzyme 
when said analyte is not bound to said first and second spe- 

30 cific binding partners, but is incapable of reconstituting 
said enzyme when said analyte is bound to said labeled spe- 
cific binding partners; 

a substrate for said enzyme; and 
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signal-detecting means attached to said elec- 
trodes, capable of detecting a signal generated by said cur- 
rent-generating chemical reaction upon catalysis by said 
enzyme after reconstitution. , 

27 The device of claim 26, wherein said device 

—receiving means which distributes 
further comprises a sample-receiving 

said liguid sample to each detection nodule. 
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